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Abstract: Fire accidents occur frequently and pose a great threat to high-rise buildings with flammable
construction materials. Recently, researchers have been doing significant work on this topic to improve
the flame retardancy of composites by adding inorganic metal hydroxide, such as magnesium
hydroxide (MH), due to its higher thermal decomposition temperature and low toxicity. Research on
flame retardant polymer composites with magnesium hydroxide is rapidly moving toward a more
sustainable and safer future. This article provides a comprehensive review of the research trend along
with the most cited publications. Most cited articles were chosen to observe the developments. The
data collected from the Scopus database in the second week of March 2023 were also categorised
to present country-wise improvement, the subject areas involved, and the author’s contribution to
the topic. Some issues and challenges have also been highlighted from the analysis. By observing
the research direction and highly cited articles, some of the further study scopes are also pointed
out to develop fire-rated polymer composites for use as sustainable cladding materials for high-
rise buildings.

Keywords: flame retardancy; polymer composites; fillers; magnesium hydroxide; fire; thermal
properties; cladding

1. Introduction

Recently, fire accidents are frequently occurring all around the world, involving losses
of human lives and property [1,2]. Globally, three hundred thousand people die annually
due to fire burns [2]. According to the Australian Bureau of Statistics Data, 13,002 structural
fire incidents in buildings occurred in Australia in 2019, which raises concerns about
building fire safety. Most fires have occurred due to combustible polymer composite
materials used in buildings [3]. Polymer composite is considered one of the best building
construction materials for its versatility, low density, good mechanical properties [4], and
cost efficiency [5]. However, one of the drawbacks of polymer composites is their poor
flame retardant properties [3]. Flame retardancy of a material refers to the science of
slowing the pyrolysis and combustion of combustible material. Different techniques and
mechanisms have been developed and used to improve the flame retardancy of polymer
composites, such as modifying the constituents in the matrix [2,6-8], adding flame retardant
fillers [2,9,10], or providing fire resistance coating around the composites [11].

Different types of flame retardant chemicals and their working principles, listed in
Table 1, are used by researchers [2,6-11] to improve the fire performance of polymer com-
posites. For example, halogenated flame retardants were used before as fillers due to their
different modes of flame retardancy, both in gas and condensed phases [9,10]. However,
recently, various hazard substances regulatory organisations such as RoHS (Restriction of
Hazardous Substances in Electrical and Electronic Equipment) and REACH (Registration,
Evaluation, Authorisation and Restriction of Chemicals) restricted the use of these materi-
als as flame retardants due to the toxic degradation of these products [9]. Therefore, it is
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suggested to use environmentally-friendly flame retardant building materials, which will
reduce the fire death rate and fire spread in buildings.

Table 1. Different types of flame retardant chemicals and their working principle.

Flame Retardant
Chemical Nature

Example of Flame Retardants Working Mechanism Ref.

Metal oxides and hydroxide
Boron based
Halogen based
Phosphorus based

Synergistic

Intumescent

Aluminium hydroxide, Alumina trihydrate, Magnesium
hydroxide, Calcium carbonate

Boric acid, Zinc borate, borax, boron phosphate By forming insulating layer [12]

TCPA, TBPA, Polybrominated diphenyl ethers,

Heat sink [2]

Polybrominated diphenyl Gas phase [15]
THPC Condense phase [14]
Flame retardancy of the
Halogen/Antimony trioxide, P/halogen primary compound enhanced  [15]

by the presence of another
Acid donor (ex-ammonium polyphosphate), carbonising
agent (ex-pentaerythritol), bowling agent (ex-urea,
melamine)

Both in gas and condense

phase (1ol

Notes: TCPA = Tetrachlorophthalic anhydride, TBPA = Tetrabromophthalic anhydride, THPC = Tetrakis(hydroxymethyl)
phosphonium chloride.

Several research works have been conducted by researchers [2,6-11] on creating flame
retardant materials by incorporating flame retardant filler materials. The addition of flame
retardant fillers to the polymer matrix has become a common practice and is widely used
inorganic flame retardant materials such as halogen, aluminium hydroxide, and magnesium
hydroxide [2]. However, the toxicity of some flame retardant fillers, such as halogen, is the
key issue [17-20]. Aluminium hydroxide and magnesium hydroxide are the most popular
among those inorganic flame retardants [2] due to lower toxicity and better flame retardant
properties. Magnesium hydroxide has recently gained more popularity among researchers
due to its low toxicity, good thermal stability, higher thermal degradation temperature, and
high heat absorption capacity compared to other inorganic flame retardants.

In the last few years, several bibliometric analyses have been conducted on the topic
of polymer composites, such as geopolymer composite [21], reinforced polymer compos-
ite [22], polymer storage in energy storage systems [23], flame retardant polyurethane [24],
flame retardant-induced adverse health effects on human health [25], research on flame
retardants for fire safety [26], brominated flame retardants [27], fire resilient underground
construction materials [28], and nano-flame retardant materials [29]. However, no bib-
liometric analysis is found on the flame retardant polymer composites with magnesium
hydroxide; however, recently, significant research has been carried out on magnesium
hydroxide as flame retardant fillers to improve the fire performance of polymer composites.
A bibliometric study is conducted in this study to address the above research gap, which
will (1) provide a clear view of the research trend in flame retardant polymer composites
with magnesium hydroxide as filler, (2) figure out which countries and researchers are
doing tremendous work on this topic, (3) provide detailed information about the most cited
articles in this topic, and (4) figure out potential research directions in the flame retardant
polymer composites with magnesium hydroxide. This study uses the Scopus database to
conduct the bibliometric analysis.

2. Surveying Methodology
2.1. Research Articles Selection Criteria and Process

The surveying approach used in this study for article selection and processing is
illustrated in Figure 1. Four steps are used for research article selection and processing
from the Scopus database. In the first step, two key topics (Topic 1-‘Magnesium hydroxide
filler’, Topic 2-"Flame retardant polymer composite’) are used to obtain all the relevant
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published documents. The first screening is carried out in the second step to limit the
specific document type on each topic and to identify the relevant articles.

Figure 1. Schematic diagram of article selection criteria and process.

The second screening is also performed in the third step based on the keyword of
“Magnesium hydroxide”. The last screening is executed in step four based on the relevant
subject areas: Material science, engineering, chemistry, chemical engineering, and energy.
Finally, only articles relevant to the related subject areas are selected.

The details of the article selection step to identify the documents, using the Scopus
database, based on the selection criteria are visually illustrated in Figure 2. In the initial
step, 460 and 2457 document were identified in the Scopus database for Topics 1 and 2,
respectively. In the following steps, the screening process is conducted by using three
criteria, which are document type (article), keyword (magnesium hydroxide) and specific
subject areas (material science, engineering, chemistry, chemical engineering, and energy).
Based on the screening steps, 157 and 108 articles were finally selected on Topics 1 and 2,
respectively, for detailed analysis in this study.

Figure 2. Flowchart diagram for documents selection steps.
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2.2. Research Data Extraction and Characteristics

Data extraction and characteristics in the topic of flame retardant polymer composites
have been carried out based on eight parameters, such as (1) highest citation in the topic,
(2) number of articles published yearly, (3) author name, (4) related subject area, (5) most
used keywords, (6) publisher name, (7) country of publication, and (8) source title. The
extracted data of the topics mentioned earlier have been analysed to illustrate the research
trend and to find out current issues and challenges.

3. Discussion

For a better understanding of the research trend of each topic, the research articles
are categorised according to the different parameters mentioned in Section 2.2. The re-
search trends of “Magnesium hydroxide filler” (Topic 1) and “Flame retardant polymer
composite” (Topic 2) are illustrated in Figure 3. The paper published each year is presented
in Figure 3a and the cumulative papers published until now are shown in Figure 3b. A
total of 348 articles were published based on these two topics (157 articles for Topic 1 and
109 articles for Topic 2). The first article published on “Magnesium hydroxide filler” was in
1988, and the trend almost remained the same in the last decade, although there was little
decrease in the last two years. Several works have been conducted on “Flame retardant
polymer composite” since 1996. In the last two decades, the trend significantly changed.
The highest number of research articles was published in 2020 (13 articles), then in 2017
(11 articles), with 10 articles published in 2022 (Figure 3a). The research trend of both
topics is upward (see Figure 3b), which clearly indicates that magnesium hydroxide has
great potential to develop flame retardant polymer composite materials, due to its diverse
properties, including high endothermic decomposition temperature, low cost [30], smoke
suppressibility, and non-toxicity [31]. It can be seen from Figure 3b that the cumulative pa-
pers number has significantly increased since 2010, which clearly indicates the potentiality
of these two topics.

Figure 3. Graphical representation of (a) paper published per year and (b) cumulative papers
published on Topic 1 and Topic 2.
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3.1. Topic 1-Magnesium Hydroxide Filler
3.1.1. Country-Wise Publication on Topic 1—“Magnesium Hydroxide Filler”

During the survey of Topic 1—"Magnesium hydroxide filler”, a total of 157 articles
were selected, which were published by 38 countries (based on the affiliation of all authors
mentioned in 157 articles). The analysis shows that at least two or more research articles
were published based on “Magnesium hydroxide filler” from 25 countries, as shown in
Figure 4. It can be noticed that China is the most advanced country in the research on
“Magnesium hydroxide filler” and published 41 articles. The United Kingdom (UK) is the
second country, which published 36 articles. Almost 50 percent of the 157 articles were
published by researchers from China and the UK. Other countries also conduct research
frequently, for instance, Malaysia, Italy, Japan, the United States, France, and the Republic of
Korea. The connectivity of the co-authored countries is illustrated in Figure 5. It is evident
that there is strong collaboration among some specific countries, which are: the United
Kingdom, China, Malaysia, the United States, Turkey, and India, and, as a consequence, the
publication rate from these countries is also higher in Topic 1.

Figure 4. Country-wise number of article publications on Topic 1—magnesium hydroxide filler
(minimum 2 publications).

Figure 5. Science mapping of co-authored countries in Topic 1.
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The network connectivity of the authors based on the articles published by 38 countries
is presented in Figure 6. It is clear from the network connectivity of the authors that there is
a significant contribution on this topic from the different individual groups, although there
is no strong collaboration between most of the authors except a few groups. The top ten au-
thors who have published articles on the topic of “Magnesium hydroxide filler” are listed in
Table 2 based on their publication numbers, including their citation numbers, h-index, and
country of origin extracted from the Scopus database. Liauw published 13 articles, which
is the highest among the others. He has focused on polypropylene, EVA, and polystyrene
composites. He has several collaborative publications with Roger Norman Rothon on
magnesium hydroxide filled composites. The effects of surface modification and interfacial
modification on a polymer matrix were studied. Hornsby and Rothon each published
11 articles individually. They published most of their articles around 1990. They conducted
research on polypropylene, polyamides, and polystyrene composites filled with magne-
sium hydroxide fillers. Graham Clayton Lees also collaboratively worked with Liauw and
Rothon on this topic. He has 10 publications focusing on surface modification and thermal
analysis of the composites. ].Z. Liang conducted studies on both magnesium hydroxide and
aluminium hydroxide containing composites to improve the thermal properties and flame
retardancy of polypropylene composites. Azman Hassan has published 4 articles where he
focused on LDPE and polyamides/polypropylene composites. José Ignacio Velasco and
Cédlic Morhain both published 4 articles in collaboration, which focused on polypropylene
composites with aluminium and magnesium hydroxide.

Figure 6. Science mapping of connected authors in Topic 1.
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Table 2. Top 10 prolific authors in the topic of “Magnesium hydroxide filler”.

No of No of Total

Rank Name Articles h-Index Citations Country
1 Christopher Mark Liauw 13 27 2715 United Kingdom
2 Peter R. Hornsby 11 35 4337 United Kingdom
4 Roger Norman Rothon 11 17 1101 United Kingdom
3 Graham Clayton Lees 10 14 697 United Kingdom
5 Jizhao Liang 5 36 5243 China
6 S.M. Sapuan 4 83 26,259 Malaysia
7 Azman Hassan 4 50 8663 Malaysia
8 José Ignacio Velasco 4 36 4316 Spain
9 Cédlic Morhain 4 6 155 Spain
10 Suqin Chang 3 10 241 China

3.1.2. Topmost Cited Articles in “Magnesium Hydroxide Filler”

The topmost cited articles published based on “Magnesium hydroxide filler” are anal-
ysed in this section and summarised. The top 50 most-cited articles are shown in Table 3,
which includes the author’s name, publishing year, number of citations, and publisher
name. The most cited article (296 citations) was published in 1996 by Rothon [30]. This
article studied the suitability of magnesium hydroxide as a filler with different polymers,
such as ethylene vinyl acetate (EVA), polypropylene, and polyamides. The second most
cited article (248 citations) was published in 2011 by Hull [31]. It can be seen from the
citation of this article that Topic 1 has been receiving more attention from researchers.
This article discussed the effects of various mineral fillers such as aluminium hydroxide,
calcium hydroxide, hydromagnesite, huntite, ultracarb, and boehmite, as well as magne-
sium hydroxide. This work also discussed how those minerals physically contributed to
the fire-retardant effect [31]. The third most cited article (182 citations) was published in
2004 [32]. The research on this article was conducted based on EVA and magnesium hy-
droxide blends with fumed silica. Synergistic mechanisms and flammability characteristics
were investigated [32]. It noticed that most cited articles were published in the Polymer
Degradation and Stability journal. It can be seen from Table 3 that 25 out of the 50 most cited
articles were published from 2010 to March 2023, which significantly indicates the upward
research trend on the “Magnesium hydroxide filler” topic.

Table 3. Topmost cited 50 articles in ‘Magnesium hydroxide filler” topic.

Rank Authors Year Cited by Source Title Ref
1 Rothon R.N., Hornsby P.R. 1996 296 Polymer Degradation and Stability [30]
2 Hull T.R., Witkowski A. et al. 2011 248 Polymer Degradation and Stability [31]
3 FuM., QuB. 2004 182 Polymer Degradation and Stability [32]
4 Cross M.S., Cusack P.A. et al. 2003 145 Polymer Degradation and Stability [33]
5 Hornsby PR., Wang J. et al. 1996 128 Polymer Degradation and Stability [34]
6 Dittrich B., Wartig K.-A. et al. 2014 123 Polymers [35]
7 Hornsby PR., Watson C.L. 1990 114 Polymer Degradation and Stability [36]
8 Wang J., Tung J.F. et al. 1996 101 Journal of Applied Polymer Science [37]
9 Rothon R.N. 1999 98 Advances in Polymer Science [38]
10 Sung G., Kim J.W. et al. 2016 96 Journal of I”dgzm”’.l and Engineering [39]

emistry
1 Hornsby PR., Watson C.L. 1989 84 Plastics “”L;R”b.b er Processing and [40]
pplications
12 Liang J., Zhang Y. 2010 70 Polymer International [41]




Fire 2023, 6, 180

8 of 24

Table 3. Cont.

Rank Authors Year Cited by Source Title Ref.
13 Saba N., Alothman O.Y. et al. 2019 68 Construction and Building Materials [42]
14 Hornsby PR., Watson C.L. 1995 68 Journal of Materials Science [43]
15 Balakrishnan H., Hassan A. et al. 2012 66 Polymer Degradation and Stability [44]
16 Zaghloul MM.Y., Zaghloul M.MLY. 2017 63 Journal of Rc‘””f orced Plastics and [17]

omposites

17 Montezin F.,, Lopez Cuesta J.-M. et al. 1997 63 Fire and Materials [45]
18 LuY, WuC., XuS. 2018 61 Composites Part A: Appl'ied Science and [18]

Manufacturing
19 Liauw C.M., Lees G.C. et al. 1998 61 Composites Part A: Applied Science and [46]

Manufacturing
20 XuT., Huang X., Zhao Y. 2011 59 Fire Safety Journal [47]
21 Yeh J.T., Yang H.M. et al. 1995 59 Polymer Degradation and Stability [48]
22 Bonati A., Merusi F et al. 2012 52 Construction and Building Materials [49]
23 Witkowski A., Stec A.A. et al. 2012 51 Polymer Degradation and Stability [50]
24 Zhang Y., Hu Y et al. 2008 50 Polymers for Advanced Technologies [51]
25 Lv ]J.-P,, Liu W.-H. 2007 47 Journal of Applied Polymer Science [52]
26 Velasco J.I.,, Morhain C. et al. 2002 46 Polymer [53]
27 Chang S., Xie T. et al. 2006 44 Polymer Degradation and Stability [54]
28 Hollingbery L.A., Hull T.R. 2012 43 Polymer Degradation and Stability [55]
29 Ulutan S., Gilbert M. 2000 43 Journal of Materials Science [56]
30 Formosa J., Chimenos ].M. et al. 2011 40 Thermochimica Acta [57]
31 Sonnier R., Viretto A. et al. 2016 39 Polymer Degradation and Stability [58]
32 Shi X., Chen Y. et al. 2014 39 Bioresource Technology [59]
33 Suihkonen R., Nevalainen K. et al. 2012 39 Journal of Materials Science [60]
34 Karidakis T., Agatzini-Leonardou S. et al. 2005 38 Hydrometallurgy [61]
35 Cook M., Harper J.F. 1998 38 Advances in Polymer Technology [62]
36 Chen X., Yu]J. et al. 2009 36 Polymer Composites [63]
37 Lee C.H., Sapuan S.M. et al. 2017 35 Journal of Engineered Fibers and Fabrics [64]
38 Moreira FK.V,, De Camargo L.A. et al. 2013 34 Journal of Agricultural and Food Chemistry [65]
39 Moreira FK.V,, Pedro D.C.A. et al. 2013 32 Carbohydrate Polymers [66]
40 Focke W.W., Molefe D. et al. 2009 32 Journal of Materials Science [67]
41 Wang Z., Shen X. et al. 2002 31 Polymer International [68]
42 Klapiszewski L., Tomaszewska J. et al. 2017 30 Polymers [69]
43 Jancar J. 1989 29 Journal of Materials Science [70]
44 Oyama H.T., Sekikawa M. et al. 2012 28 Polymer Degradation and Stability [71]
45 Oyama H.T,, Sekikawa M. et al. 2011 28 Journal of MWO";‘Z;;Z};” Science, Part B: ;)
46 He Z., Wekesa M. et al. 2006 28 Pulp and Paper Canada [73]
47 Hornsby PR., Mthupha A. 1996 )8 Plastics, Rubber and Cgmposites Processing [74]

and Applications
48 Gwon J.G., Lee S.Y. et al. 2014 27 Journal of Applied Polymer Science [75]
49 Yin J., Zhang Y. et al. 2005 27 Journal of Applied Polymer Science [76]
50 Liauw C.M., Rothon R.N. et al. 2001 27 Journal of Adhesion Science and Technology [77]

The mapping of top journals which have published at least 4 articles related to “Mag-
nesium hydroxide filler” is illustrated in Figure 7. It can be seen that Polymer Degradation
and Stability and Journal of Applied Polymer Science are the most profound journals for

publications on Topic 1.



Fire 2023, 6, 180 9 of 24

Figure 7. Top journals with a minimum of 4 publications on Topic 1.

3.1.3. Keyword Co-Occurrence

The analysis of keyword co-occurrence among 157 articles extracted from the Scopus
database was conducted using CiteSpace software to represent the keyword connective
network. There are a total of 11 clusters, and the keywords are illustrated on a time scale
as presented in Figure 8. The size of the level and the node size represent the weight of
the keyword, while the lines between keywords indicates the links between keywords. By
using the keyword cluster function, the information was extracted.

Figure 8. Keyword clusters timeline visualisation for the selected 157 articles of Topic 1 using
CiteSpace software.
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The keywords are depicted in Figure 8 in form of a time series, showing the research
map from 2010 to 2023. The modularity value has been reached at 0.6398, which is greater
than 0.3, and implies that the structure is acceptable. The Silhouette scores are also greater
than 0.4, indicating the reasonability of the result. The high frequency nodes with high
centrality are considered to be the most influential key nodes within the network, which
gives detailed information for further analysis. The most cited keywords, along with the
year and citation count, have been presented In Table 4 for a better understanding of the
research key terms in this topic.

Table 4. Most cited keywords in ‘Magnesium hydroxide filler” topic.

SINo Keyword Citation Count Year
1 magnesium hydroxide 195 2010
2 mechanical property 82 2010
3 flame retardancy 69 2010
4 flame retardants 62 2010
5 flame retardant 58 2010
6 Composites 42 2011
7 nanocomposites 42 2010
8 Flammability 41 2010
9 Behavior 39 2010
10 magnesium compounds 32 2015
11 Magnesium 25 2010
12 Degradation 23 2011
13 Polypropylene 21 2010

14 filled polymers 19 2010
15 thermogravimetric analysis 19 2014
16 mechanical properties 18 2011
17 thermal stability 18 2011
18 aluminum hydroxide 16 2010
19 Combustion 16 2010
20 Nanoparticles 16 2015
21 limiting oxygen index 15 2011

All of the details of the 11 clusters are listed in Table 5, showing the top keyword of
the clusters and the year it was most cited, which gives a chronological idea of keyword
importance. All of the cluster names are (largest to smallest): flame retardants, nanoclay;,
mechanical properties, mechanical properties, aluminium hydroxide, crosslinking, voltage
lifetime, fracture toughness, coating, heat stabiliser, and flame retardance.

Table 5. Cluster by keywords in ‘Magnesium hydroxide filler” topic.

Cluster ID Size Silhouette Top Keyword Year
0 76 0.666 magnesium hydroxide 2012
1 64 0.784 Polypropylene 2008
2 62 0.745 flame retardant 2013
3 58 0.834 mechanical property 2012
4 36 0.816 degradation 2009
5 23 0.993 Cross linking 2005
6 22 0.991 Stability 1997
7 21 0.888 Polymer composite 2012
8 21 0.995 tensile strength 2018
9 18 0.995 Smoke supression 2002
10 18 0.858 Polymers 2006

3.1.4. Subject Area-Wise Document Published

The mapping of the subject areas of 157 articles is also analysed using VOSviewer
software and is presented in Figure 9. The subject areas considered in the mapping are
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materials science, engineering, chemistry, chemical engineering, and energy. Most articles
(128 out of 157) were published in material science. Around 9.62% (15 articles) of 157 articles
are in the engineering area. Chemistry and chemical engineering have 8.94% (14 articles)
of the total publications, whereas only 1.28% of the documents are considered in energy
(2 articles).

Figure 9. Subject area-wise published articles related to “Magnesium hydroxide fillers”.

3.2. Topic 2—'Flame Retardant Polymer Composite’
3.2.1. Country-Wise Publication

The country-wise publication is analysed in this study. It is noticed that there are
29 countries that have published at least 1 or more articles on Topic 2—"Flame retardant
polymer composite". Figure 10 shows the list of 20 countries that have published at least
2 articles. Among those, China conducted a lot of research on the flame retardant polymer
composite containing magnesium hydroxide as filler material and published 63 articles out
of 108 selected articles. The rest of the countries published less than 10 articles. The United
Kingdom and the United States also published five and four articles, respectively. The
country-wise co-authorship is represented in Figure 11, where it can be noticed that there is
no collaborative network cluster except for the cluster of the United Kingdom, China, and
the Republic of Korea.

Figure 10. Country-wise number of article publication on topic 2 (minimum 2 publications).
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Figure 11. Science mapping of co-authored countries in Topic 2.

The network connectivity of the authors based on the articles published by 20 countries
is presented in Figure 12. It is clear from the network connectivity of the authors that there
is a significant contribution on this topic from the different author groups. Several authors
collaborate with others, as illustrated by different clusters in Figure 12. The top ten authors
who have published articles on the topic of “Flame retardant polymer composite” are listed
in Table 6 based on the publication numbers, including their citation numbers, h-index,
and country of origin extracted from the Scopus database.

Figure 12. Science mapping of connected authors in the Topic 2.
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Table 6. Top authors in the Topic 2—'flame retardant polymer composite’.

Rank Author Name No of Articles h-Index  Total Citations Country
1 Jizhao Liang 7 36 5242 China
2 Jichun Liu 4 14 588 China
3 Xiaolang Chen 3 22 1789 China
4 Lijuan Li 3 17 845 China
5 Bingli Pan 3 18 1111 China
6 De-yi Wang 3 61 296 Spain
7 Nour E. Attia 2 28 1638 Egypt
8 Liang Cai 2 3 26 China
9 Dehong Chen 2 8 184 China

10 Mingcai Chen 2 24 1839 China

Jizhao Liang published 7 articles on Topic 2. His h-index is 36, whereas the total
number of citations is 5242. His highly cited documents are on polypropylene topics. His
article on polypropylene composite filled with MH has a total of 30 citations [78]. Jichun Li
published four articles, and, among these, three articles were specifically on polystyrene
composites. In 2023, he published an article on polypropylene and MH composite where
the flame retardancy of the composite was improved by introducing expandable graphite
(EG) and microencapsulated red phosphorus (MRP) into the polypropylene/MH com-
posite. Smoke inhibition and acid resistivity of the composite was also improved by the
synergistic effect of EG and MRP. The intumescent char layer was formed, which played
a key role in modifying the flame retardancy behaviour [79]. Xiaolang Chen also pub-
lished 3 articles; in one article, which has 20 citations, he studied the flammability and
thermal degradation kinetics of polypropylene composites containing EG and MRP [80].
Lijuan Li conducted research on epoxy resin and polypropylene composite. He added
functionalised graphene and platelet-like MH to improve the flame retardancy and smoke
suppressibility, as well as to reduce toxicity [81]. Bingli Pan has also published three ar-
ticles. His study on fire performance and thermo-oxidative degradation behaviour of a
high-impact polystyrene/MH/MRP composite with an alternating layered structure [32]
has been cited 19 times. D.Y. Wang had published three articles focused on EVA/MH
and epoxy composites. His study on epoxy composites has 25 citations, which used sur-
face engineered magnesium hydroxide via bioinspired iron-loaded polydopamine [82].
Nour E Attia, Liang Cai, Dehong Chen, and Mingcai Chen have each published two arti-
cles focusing on the modification of magnesium hydroxide. They conducted research on
polypropylene and polystyrene composites. In 2015, Attia worked on the flammability
of crylonitrile-butadiene styrene nanocomposites, and this study has 26 citations. In this
study, magnesium hydroxide nanoparticles were synthesised and modified with organic
phosphate [83].

3.2.2. Topmost Cited Articles Information

”

The topmost cited articles published based on “Flame retardant polymer composite
are also analysed in this section, and the top 50 most cited articles are summarised in Table 7,
including the information of author name, publishing year, citation number, and source title.
It can be noticed that, on this specific topic, the topmost cited article was published in 2014
by Jeencham, which was cited 38 times. This research work conducted a comparative study
of flame retardancy on different flame retardants: Ammonium polyphosphate, zinc borate,
magnesium hydroxide, and their combined sample [84]. The polymer matrix was made of
sisal fibre and polypropylene. The second most cited article (134 citations) was published
by Ye et al. [12]. This study was conducted based on ethylene vinyl acetate/multiwalled
carbon nanotube composites, where magnesium hydroxide was added to improve its flame
retardant properties. This article aimed to understand the synergistic effect and mechanism
of MH with multi-walled carbon nanotubes (MWCN) in an EVA polymer composite [12].
There was another study of sisal fibre and polypropylene matrix, in which magnesium
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hydroxide and zinc borate were used to evaluate their flame retardant properties [32]. This
article has 133 citations. The earliest document on this specific topic was published in
1996 by Wang et al. [37], which has 101 total citations. This article studied the mechanical
properties of binary and ternary phase compositions by analysing the microstructure
and component interactions [37]. Zhang et al. [51] and Lv et al. [52] both worked on
the EVA/MH polymer matrix, where Liang et al. [41] used both MH and ATH as flame
retardant additives to a PP composite. Samples made with zinc borate as a flame retardant
synergise with the MH/ATH /PP composite, and the effects of this were also studied [41].
Isotactic polypropylene was used with MH to study flame retardancy by Oyama et al. [72].
In the next year, another study conducted by this author, in which, along with Isotactic
polypropylene/MH, another flame retardant polymer poly (2,6-dimethyl-1, 4-phenylene
ether) (PPE) was added to observe the flammability of the composite [71]. Attia [83]
synthesised and wrapped magnesium hydroxide nanoparticles with an organic phosphate
shell. The thermal properties of the samples were also studied, and a 71% reduction of the

peak heat release rate (pHRR) was achieved.

Table 7. Top 50 articles in ‘Flame retardant polymer composite” topic.

SL No Authors Year Cited by Source Title Ref.
1 Jeencham R., Suppakarn N. et al. 2014 138 Composites Part B: Engineering [84]
2 Ye L., Wu Q.etal. 2009 134 Polymer Degradation and Stability [12]
3 Suppakarn N., Jarukumjorn K. 2009 133 Composites Part B: Engineering [85]
4 Ghanbari D., Salavati-Niasari M. et al. 2013 110 Composites Part B: Engineering [86]
5 Wang J., Tung J.F. et al. 1996 101 Journal of Applied Polymer Science [37]
6 Liang J., Zhang Y. 2010 70 Polymer International [41]
7 Zaghloul M.M.Y., Zaghloul M.M.Y. 2017 63 Journal of Reinforced Plastics and Composites [17]
8 Zhang Y., Hu Y. et al. 2008 50 Polymers for Advanced Technologies [51]
9 KimS.,Han T. et al. 2017 48 Electrochimica Acta [87]
10 Lv J.-P, Liu W.-H. 2007 47 Journal of Applied Polymer Science [52]
11 Rybinski P, Janowska G. 2013 45 Thermochimica Acta [88]
12 Ulutan S., Gilbert M. 2000 43 Journal of Materials Science [56]
13 Huang N.H., Chen Z]. et al. 2010 42 Express Polymer Letters [89]
14 Gul R, Islam A. et al. 2011 40 Journal of Applied Polymer Science [90]
15 Sonnier R., Viretto A. et al. 2016 39 Polymer Degradation and Stability [58]
16 Suihkonen R., Nevalainen K. et al. 2012 39 Journal of Materials Science [60]
17 Zadeh K.M., Ponnamma D.et al. 2017 37 Polymer Testing
18 Chen H., Wang T., Wen Y. et al. 2019 36 Composites Part B: Engineering [91]
19 Shen L., Chen Y. et al. 2012 33 Composites Part A: Appl.ied Science and [92]

Manufacturing
20 Liu]., Zhang Y. 2011 32 Polymer Degradation and Stability [93]
21 Ferry L., Lopez Cuesta ].M. et al. 2001 32 Polymer Degradation and Stability [94]
22 Wang Z., Shen X. et al. 2002 31 Polymer International [70]
23 Liang J.-Z. 2017 30 Polymer Testing [78]
24 Liu B., Zhang Y., Wan C. et al. 2007 30 Polymer Bulletin [95]
25 Eibl S. 2017 28 Fire and Materials [96]
26 Oyama H.T., Sekikawa M. et al. 2012 28 Polymer Degradation and Stability [71]
27 Oyama H.T,, Sekikawa M. et al. 2011 28 Journal of M“C’O";Zl;;?‘cl:’ Science, Part B: 11
28 Suriani M.J., Zainudin H.A. et al. 2021 26 Polymers [97]
29 Attia N.F, Goda E.S. et al. 2015 26 Materials Chemistry and Physics [83]
30 Schofield W.C.E., Hurst S.J. et al. 1998 25 Composite Interfaces [98]
31 BiQ., Yao D. et al. 2020 24 Reactive and Functional Polymers [32]
32 Suriani M.J., Sapuan S.M. et al. 2021 23 Textile Research Journal [99]
33 Shen L., Shao C. et al. 2019 23 Polymer Bulletin [100]
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Table 7. Cont.

SL No Authors Year Cited by Source Title Ref.
34 Sun L., Wu Q. et al. 2016 21 RSC Advances [101]
35 Ayrilmis N. 2011 21 BioResources [102]
36 Liang ].-Z., Yang J. et al. 2010 21 Polymer Testing [103]
37 Liu P, Guo]. 2007 21 Journal of Nanoparticle Research [104]
38 Liang J.Z., Yang J. et al. 2011 20 Journal of Applied Polymer Science [105]

Journal of Macromolecular Science, Part A:
39 Chen X., Yu]. et al. 2008 20 Pire and Applied Chemistry [80]
40 LiZ.,, Liang W. et al. 2020 19 Fire and Materials [106]
41 YuZ., Liu]. etal 2015 19 Polymer Degradation and Stability [81]
42 Rybinski P., Janowska G. et al. 2014 19 Journal of Thermal Analysis and Calorimetry — [107]
43 He]J., Zeng W. et al. 2020 18 Journal of Applied Polymer Science [108]
44 Weng P, Yin X. et al. 2018 18 Cellulose [109]
45 Chen D., Zheng Q. et al. 2010 18 Journal of Thermoplastic Composite Materials ~ [110]
46 Chen X., Yu]. et al. 2009 18 Journal of Polymer Research [111]
47 Xiao W.-D., Kibble K.A. 2008 18 Polymers and Polymer Composites [112]
48 LiuT.,, Wang F. et al. 2020 17 Journal of Applied Polymer Science [113]
49 Milis S.L., Lees G.C. et al. 2004 16 Macromolecular Materials and Engineering [114]
50 Liany Y., Tabei A. et al. 2013 14 Fibers and Polymers [115]

The top journals that published at least 4 articles in this topic are shown in Figure 13.
It is evident that Journal of Applied Polymer Science, Polymer Degradation and Stability, and
Fire and Materials are the profound journals in this topic.

Figure 13. Top journals with minimum 4 publications on the Topic 2.

3.2.3. Keyword Co-Occurrence

The mapping of keyword co-occurrence is analysed for Topic 2. The keywords time-
line visualisation is illustrated in Figure 14 from 2010 to 2023. The analysis of keyword
co-occurrence among 110 articles extracted from the Scopus database was conducted using
CiteSpace software to represent the keywords timeline network. There was also a total
of 12 clusters, and the keywords are illustrated similarly as in Section 3.1.3 in Figure 8.
The topmost cited (at least 15 citation counts) keywords among the selected 110 articles
in Topic 2 are presented in Table 8. Magnesium hydroxide, magnesium compound, and
flame retardants are the most cited keywords based on this topic. It is evident that, recently,
several filler materials were added in the polymer composite along with magnesium hy-
droxide. For instance, black carbon, carbon fibres, expandable graphite, carbon nanotubes,
and organic natural fibres are getting attention, which can be seen in Figure 14.
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Figure 14. Keyword clusters timeline visualisation for the selected 110 articles of Topic 2 using
CiteSpace software.

Table 8. Most cited keywords in ‘flame retardant polymer composite’ topic.

SINo Keyword Citation Count Year
1 magnesium hydroxide 90 2010
2 flame retardants 57 2010
3 magnesium compounds 33 2015
4 flame retardancy 26 2011
5 magnesium 23 2010
6 filled polymers 20 2010
7 mechanical property 20 2010
8 flame retardant 18 2013
9 thermogravimetric analysis 15 2014
10 limiting oxygen index 15 2011

The details of all of the 12 clusters are presented in Table 9. The cluster result for
this topic is also reasonable, as the modularity value is 0.6098, and the Silhouette score
is also much higher than 0.4. Flame retardant composite, ethylene acrylic composite, or-
ganic phosphate, carbon nanomaterial, efficient strategy, flower-like magnesium hydroxide
nanostructure, flammability properties, agar-based aerogel, morphological tensile, compos-
ite flame-retardant material, polypropylene composite, and acrylate coated composite are
the clusters presented from largest to smallest in size.
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Table 9. Cluster by keywords in ‘flame retardant polymer composite’ topic.
Cluster ID Size Silhouette Top Keyword Year
0 57 0.687 magnesium hydroxide 2014
1 51 0.754 Limiting oxygen index 2014
2 34 0.779 magnesium 2015
3 29 0.908 flammability 2014
4 29 0.775 Smoke 2015
5 23 0.831 flame retardant 2013
6 21 0.849 composite 2014
7 20 0.948 combustion 2014
8 19 0.995 Tensile strength 2019
9 19 0.918 composites 2013
10 19 0.94 Mechanical property 2010
11 15 0.944 flame retardant property 2017

3.2.4. Subject Area-Wise Publications

The mapping of the subject areas of the 109 selected articles is also carried out for
Topic 2 and presented in Figure 15. The majority of articles (87.26% out of the selected
110 articles) are related to the material science subject, whereas the chemical engineering
area includes 8.18% of the documents (9 articles). Both the chemistry and engineering areas
contain 2.73% (3 articles) and 0.91% (1 article) of the selected articles, which is reflected in
Figure 15. It can be noticed that most of the works are under material science, and some are
under chemistry.

Figure 15. Subject area-wise published articles related to Topic 2.

4. Recent Developments in the Key Topics

After studying the selected articles, it is evident that researchers have been recently
trying to make progress on issues such as the higher loading content (approximately 60%
MH) [2] requirement of filler materials for better flame retardancy performance. This high
content of filler material impedes the mechanical property of the polymer composites,
such as low tensile properties and impact strength [116]. Researchers are currently ap-
proaching different techniques, such as surface modification of magnesium hydroxide
(MH) [7,117,118], particle size of MH [8,119], and synergistic effect of MH [9,33,42,45,94].
Several works have been conducted on the surface modification of magnesium hydrox-
ide to improve the compatibility of MH with the polymer composites by encapsulating
elements such as polyphosphazene [120], vinyltriethoxysilane [121], and grafted maleic
anhydride [122]. Huang [7] applied the surface modification technique to evaluate the
stearic acid surface modification of MH. It was confirmed that, with this surface modifica-
tion technique, the flame retardancy and rheological property, as well as the mechanical
properties of the composites, were improved. The LOI value of the composites decreased
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by 4 in the case of 7 to 15% stearic acid coating content. The tensile strength of the com-
posites decreased with the increase in stearic acid coating content up to 15 wt%, while the
elongation at break was increased by up to 500%.

Particle size also has a greater impact on the flame retardant behaviour of compos-
ites [123]. Recently, different synthesis methods have been developed to prepare mag-
nesium hydroxide nanoparticles [124-126]. Huang [8] focused on the particle size of
magnesium hydroxide. Four sizes were chosen (2.33 um, 2.9 pym, 3.89 um, and 50 nm)
to observe the effect of the sizes of magnesium hydroxide particles on the flame retar-
dancy property of ethylene vinyl acetate/magnesium hydroxide polymer composite. It
was identified that the flame retardancy property greatly improved with smaller particle
size, and it showed the best result in the case of nanoparticles [119]. The improvement
depends on the composite preparation procedure, and proper dispersion of the magnesium
hydroxide to the polymer matrix is crucial. Researchers also used coated magnesium
hydroxide with other fillers in order to improve the flammability properties of the resultant
composites [127]. The synergistic effect of magnesium hydroxide with different fillers
creates a compact, homogenous char layer that acts as a thermal barrier to prevent heat
and oxygen transfer into the composites [2].

After studying the selected articles thoroughly, the topmost 10 polymer composites
were identified, listed in Table 10; MH was used as flame retardant filler along with other
materials. Among these, polypropylene was most studied polymeric material to prepare
flame retardant polymer composite containing MH filler. In addition, EVA, nanocomposites,
epoxy resin, and LDPE polymer have also been studied frequently by researchers.

Table 10. Topmost 10 polymer composites studied in the selected articles in the 2 key topics.

SI No Polymer Composite Ref.
[12,13,16,36,37,41,43-46,54,62—64,70-72,74—

1 Polypropylenes 76,78-80,84,92,94,101,103,105,110—
112,117,122,127]

2 Ethylene vinyl acetate copolymer [7,8,33,51-53,58,89,98,100,113,114,120,123]

3 Nanocomposites [65,66,83,85,113,124-126,128]

4 Epoxy resins [32,42,60,81,96,97,99]

5 Low density polyethylene (LDPE) [10,11,20,49,68,90,93]

6 Rubber [88,106,107,121]

7 High density polyethylene (HDPE) [17,56,115]

8 Polystyrenes [55,82,104]

9 Polyvinyl chlorides [18,46,69]

10 Polyamide [34,44,118]

5. Current Challenges

Although researchers have developed different flame retardant polymer composites
with magnesium hydroxide filler, there are still some challenges that exist at present which
need to be addressed.

1. Efficiency: The content of magnesium hydroxide filler in polymer composite is crucial
for the optimum mechanical properties. As the high content of magnesium hydroxide
greatly affects the mechanical properties of the polymer composite, such as tensile
strength, impact strength, and Young’s modulus, it is still a challenge to keep the
content of magnesium hydroxide below 15% [2]. It would be highly desirable to lower
the content of magnesium hydroxide to improve the mechanical properties.

2. Preparation methods of magnesium hydroxide for controlling crystal size: Several syn-
thesis routes of magnesium hydroxide have been developed by researchers [23,25,27].
However, for controlling the crystal size of magnesium hydroxide particles, re-
searchers are challenged to propose more synthesis routes for magnesium hydroxide
particles. The crystal size has a great impact on the mechanical and flame retardancy
properties of polymer composite [2].
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3.  Sustainability: Several biopolymers are used to prepare polymer composites for
sustainable and eco-friendly composite materials instead of plastic [129]. Only a few
studies were conducted on biopolymer composites containing magnesium hydroxide
filler [128]. Maintaining good mechanical properties with better flame retardancy
while also developing sustainable and eco-friendly composite materials will be a
crucial challenge for researchers.

6. Conclusions and Further Study Scope

This research summarised the present state-of-the-art in flame retardant polymer
composites with the inclusion of magnesium hydroxide as filler material. The published
articles were analysed based on the country-wise publications, topmost cited articles,
keyword co-occurrences, subject areas, and most prolific authors on the topics discussed.
The research trends, issues, and challenges on flame retardant polymer composites with
magnesium hydroxide were also highlighted and recommended for future research study.
Based on this research, the following conclusions can be drawn:

e It was observed that the research trend was clearly upward, especially in the last
few years. Researchers have conducted numerous works in order to improve the
flame retardancy of polymer composites. The use of magnesium hydroxide as filler in
polymer composite has been increasing due to its potential flame retardant properties
over other inorganic metal hydroxides.

e  Several countries pay attention to improving the flame retardant properties of polymer
composite using magnesium hydroxide. However, the research conducted in China
compared to other countries is more noticeable and there are more published articles.
It is noticed that several approaches have been proposed that remarkably improved
the flame retardant properties of the polymer composites.

e  Though magnesium hydroxide has higher thermal stability and low toxicity, there is
a reduction in mechanical properties when a high content of magnesium hydroxide
is used. Different approaches, such as surface modification, synthesis procedure for
magnesium hydroxide fabrication, adding 26ompatibilizer, and synergy formation
between magnesium hydroxide and other fillers can be used to overcome this issue.

e Different types of fibres, including biopolymer fibres, are also used with magnesium
hydroxide in many composites, which greatly improved the flame retardancy and
mechanical properties of polymer composites. However, the dispersion of biopolymer
fibres is one of the key issues.

e  Further research can be conducted on building cladding core material containing
magnesium hydroxide filler, biopolymers, and fibres to investigate the overall impact
and suitability in high-rise buildings.

Author Contributions: Conceptualisation, M.K.H. and M.R.H.; formal analysis, M.R.H.; investiga-
tion, M.R.H.; methodology, M.K.H. and M.R.H.; supervision, M.K.H. and S.S.; writing—original
draft, M.R.H. and M.K.H.; writing—review and editing, S.S. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors are grateful for the financial support from the Australian Research Council
Grant (No. IH150100006) and Western Sydney University (P00024103).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is available upon the request.

Acknowledgments: The first author would like to acknowledge the Research Training Program (RTP)
scholarship provided by Western Sydney University to the first author for PhD study.

Conflicts of Interest: The authors declare no conflict of interest.



Fire 2023, 6, 180 20 of 24

References

1. Shen,],; Liang, J.; Lin, X,; Lin, H.; Yu, J.; Wang, S. The flame-retardant mechanisms and preparation of polymer composites and
their potential application in construction engineering. Polymers 2022, 14, 82. [CrossRef] [PubMed]

2. Mochane, M.].; Mokhothu, T.H.; Mokhena, T.C. Synthesis, mechanical, and flammability properties of metal hydroxide reinforced
polymer composites: A review. Polym. Eng. Sci. 2022, 62, 44—65. [CrossRef]

3. Tan, S.; Moinuddin, K.; Joseph, P. The ignition frequency of structural fires in Australia from 2012 to 2019. Fire 2023, 6, 35.
[CrossRef]

4. Young, RJ.; Lovell, PA. Introduction to Polymers; CRC Press: Boca Raton, FL, USA, 2011.

5. Pruez, J.; Shoukry, S.; Williams, G.; Shoukry, M. Lightweight Composite Materials for Heavy Duty Vehicles; West Virginia Univ.:
Morgantown, WV, USA, 2013.

6. Roda, E.; Galletti, F.; Truscello, A.; Gambarotti, C. Flame behaviour of magnesium and aluminium hydroxide-filled polymer
composites used in power and telecom cables. Plast. Rubber Compos. 2022, 51, 185-195. [CrossRef]

7. Huang, H.; Tian, M,; Yang, J.; Li, H.; Liang, W.; Zhang, L.; Li, X. Stearic acid surface modifying Mg(OH),: Mechanism and its
effect on properties of ethylene vinyl acetate/Mg(OH), composites. J. Appl. Polym. Sci. 2008, 107, 3325-3331. [CrossRef]

8.  Huang, H,; Tian, M,; Liu, L.; Liang, W.; Zhang, L. Effect of particle size on flame retardancy of Mg(OH),-filled ethylene vinyl
acetate copolymer composites. J. Appl. Polym. Sci. 2006, 100, 4461-4469. [CrossRef]

9. Dogan, M.; Dogan, S.D.; Savas, L.A.; Ozcelik, G.; Tayfun, U. Flame retardant effect of boron compounds in polymeric materials.
Composites Part B Eng. 2021, 222, 109088. [CrossRef]

10. Tan, K.L.; Chen, X.S;; Yan, B.S,; Lu, Y.Z; Li, C.X. Application of chlorinated waste rubber as a flame retardant of low density
polyethylene. J. Appl. Polym. Sci. 2012, 123, 3495-3502. [CrossRef]

11.  Lu, H,; Shao, J.; Ding, M.; Zhao, D.; Tian, C. Study on Flame-Retardant LLDPE/EPDM Thermoplastic Elastomers with Magnesium
Hydroxide Sulfate Hydrate Whiskers. Polym. Plast. Technol. Eng. 2012, 51, 578-582. [CrossRef]

12.  Suppakarn, N.; Jarukumjorn, K. Mechanical properties and flammability of sisal/PP composites: Effect of flame retardant type
and content. Compos. Part B Eng. 2009, 40, 613-618. [CrossRef]

13. Tai, C,; Li, RK. Mechanical properties of flame retardant filled polypropylene composites. |. Appl. Polym. Sci. 2001, 80, 2718-2728.
[CrossRef]

14. Zhao, C.-S.; Huang, F-L.; Xiong, W.-C.; Wang, Y.-Z. A novel halogen-free flame retardant for glass-fiber-reinforced poly (ethylene
terephthalate). Polym. Degrad. Stab. 2008, 93, 1188-1193. [CrossRef]

15. Matko, S.; Toldy, A.; Keszei, S.; Anna, P,; Bertalan, G.; Marosi, G. Flame retardancy of biodegradable polymers and biocomposites.
Polym. Degrad. Stab. 2005, 88, 138-145. [CrossRef]

16. Chen, X,; Jiao, C. Study on Flame Retardance of Co-microencapsulated Ammonium Polyphosphate and Pentaerythritol in
Polypropylene. J. Fire Sci. 2010, 28, 509-521. [CrossRef]

17.  Zaghloul, M.M.Y.; Zaghloul, M.M.Y. Influence of flame retardant magnesium hydroxide on the mechanical properties of high
density polyethylene composites. J. Reinf. Plast. Compos. 2017, 36, 1802-1816. [CrossRef]

18. Lu, Y.,; Wu, C; Xu, S. Mechanical, thermal and flame retardant properties of magnesium hydroxide filled poly (vinyl chloride)
composites: The effect of filler shape. Compos. Part A Appl. Sci. Manuf. 2018, 113, 1-11. [CrossRef]

19. Tang, H,; Chen, K;; Li, X,; Ao, M.; Guo, X.; Xue, D. Environment-friendly, flame retardant thermoplastic elastomer-magnesium
hydroxide composites. Funct. Mater. Lett. 2017, 10, 1750042. [CrossRef]

20. Zheng X-t Wu D-m Meng Q-y Wang, K.5.; Liu, Y.; Wan, L.; Ren, D.-y. Mechanical properties of low-density polyethylene/nano-
magnesium hydroxide composites prepared by an in situ bubble stretching method. J. Polym. Res. 2008, 15, 59-65.

21. Yang, H.; Liu, L.; Yang, W,; Liu, H.; Ahmad, W.; Ahmad, A.; Aslam, F; Joyklad, P. A comprehensive overview of geopolymer
composites: A bibliometric analysis and literature review. Case Stud. Constr. Mater. 2022, 16, €00830. [CrossRef]

22. Deepaky, D.; Madival, A.S.; Bongale, A.M. Bibliometric Analysis of Research Trends in Rice Straw /Husk Reinforced Polymer
Composites. Libr. Philos. Pract. 2021, 1-36.

23.  Ghule, B.; Laad, M. A bibliometric survey on polymer composites in energy storage applications. Libr. Philos. Pract. 2020,
pp. 1-17. Available online: https://digitalcommons.unl.edu/libphilprac/4497/ (accessed on 18 April 2022).

24. Pan,Y,;Yin, C,; Fernandez, C.; Fu, L, Lin, C.-T. A systematic review and bibliometric analysis of flame-retardant rigid polyurethane
foam from 1963 to 2021. Polymers 2022, 14, 3011. [CrossRef] [PubMed]

25. Danlei, Y.; Zhenning, Z.; Chengchen, W.; Daolei, C.; Zhihua, D.; Ping, X. Research hotspots and frontier trends of health hazards
of flame retardants based on bibliometric visualization analysis. ]. Environ. Occup. Med. 2022, 39, 410-418.

26. Lang, Z,; Liu, H.; Meng, N.; Wang, H.; Wang, H.; Kong, F. Mapping the knowledge domains of research on fire safety—an
informetrics analysis. Tunn. Undergr. Space Technol. 2021, 108, 103676. [CrossRef]

27.  Yan, C.; Shuangqing, H.; Genxiang, S.; Hongchang, Z.; Ying, Z. Research Trend of Environmental and Health Risks of Brominated
Flame Retardants Based on Bibliometric Analysis. Asian J. Ecotoxicol. 2022, 17, 380-391.

28. Zhang, T,; Shen, Y.; Guo, C.; Yan, Z. (Eds.) Mapping the knowledge domains of fire-resilient underground construction materials
through bibliometric analysis. IOP Conf. Ser. Earth Environ. Sci. 2021, 861, 072055. [CrossRef]

29. Zhang, D.; Kong, L.; Li, Y.; Wang, H. Visualization Analysis of Nano-Flame Retardant Materials Based on Citespace. |. Phys. Conf.
Ser. 2021, 1865, 022013. [CrossRef]

30. Rothon, R.N.; Hornsby, P.R. Flame retardant effects of magnesium hydroxide. Polym. Degrad. Stab. 1996, 54, 383-385. [CrossRef]


https://doi.org/10.3390/polym14010082
https://www.ncbi.nlm.nih.gov/pubmed/35012105
https://doi.org/10.1002/pen.25847
https://doi.org/10.3390/fire6010035
https://doi.org/10.1080/14658011.2021.1962617
https://doi.org/10.1002/app.24894
https://doi.org/10.1002/app.22677
https://doi.org/10.1016/j.compositesb.2021.109088
https://doi.org/10.1002/app.34829
https://doi.org/10.1080/03602559.2012.659306
https://doi.org/10.1016/j.compositesb.2009.04.005
https://doi.org/10.1002/app.1386
https://doi.org/10.1016/j.polymdegradstab.2008.03.010
https://doi.org/10.1016/j.polymdegradstab.2004.02.023
https://doi.org/10.1177/0734904110363795
https://doi.org/10.1177/0731684417727143
https://doi.org/10.1016/j.compositesa.2018.07.012
https://doi.org/10.1142/S1793604717500424
https://doi.org/10.1016/j.cscm.2021.e00830
https://digitalcommons.unl.edu/libphilprac/4497/
https://doi.org/10.3390/polym14153011
https://www.ncbi.nlm.nih.gov/pubmed/35893975
https://doi.org/10.1016/j.tust.2020.103676
https://doi.org/10.1088/1755-1315/861/7/072055
https://doi.org/10.1088/1742-6596/1865/2/022013
https://doi.org/10.1016/S0141-3910(96)00067-5

Fire 2023, 6, 180 21 of 24

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Hull, T.R.; Witkowski, A.; Hollingbery, L. Fire retardant action of mineral fillers. Polym. Degrad. Stab. 2011, 96, 1462-1469.
[CrossRef]

Bi, Q.; Yao, D.; Yin, G.Z,; You, J.; Liu, X.Q.; Wang, N.; Wang, D.-Y. Surface engineering of magnesium hydroxide via bioinspired
iron-loaded polydopamine as green and efficient strategy to epoxy composites with improved flame retardancy and reduced
smoke release. React. Funct. Polym. 2020, 155, 104690. [CrossRef]

Cross, M.S.; Cusack, P.A.; Hornsby, P.R. Effects of Tin Additives on the Flammability and Smoke Emission Characteristics of
Halogen-Free Ethylene-Vinyl Acetate Copolymer. Article. Polym. Degrad. Stab. 2003, 79, 309-318. [CrossRef]

Hornsby, P.R.; Wang, J.; Rothon, R.; Jackson, G.; Wilkinson, G.; Cossick, K. Thermal decomposition behaviour of polyamide
fire-retardant compositions containing magnesium hydroxide filler. Polym. Degrad. Stab. 1996, 51, 235-249. [CrossRef]

Dittrich, B.; Wartig, K.A.; Miilhaupt, R.; Schartel, B. Flame-retardancy properties of intumescent ammonium poly(phosphate) and
mineral filler magnesium hydroxide in combination with graphene. Polymers 2014, 6, 2875-2895. [CrossRef]

Hornsby, PR.; Watson, C.L. A study of the mechanism of flame retardance and smoke suppression in polymers filled with
magnesium hydroxide. Polym. Degrad. Stab. 1990, 30, 73-87. [CrossRef]

Wang, J.; Tung, J.F.; Ahmad Fuad, M.Y.; Hornsby, P.R. Microstructure and mechanical properties of ternary phase polypropy-
lene/elastomer/magnesium hydroxide fire-retardant compositions. J. Appl. Polym. Sci. 1996, 60, 1425-1437. [CrossRef]

Rothon, R.N. Mineral fillers in thermoplastics: Filler manufacture and characterisation. In Advances in Polymer Science; Springer:
Berlin/Heidelberg, Germany, 1999; pp. 68-107.

Sung, G.; Kim, ].W,; Kim, ].H. Fabrication of polyurethane composite foams with magnesium hydroxide filler for improved sound
absorption. J. Ind. Eng. Chem. 2016, 44, 99-104. [CrossRef]

Hornsby, PR.; Watson, C.L. Mechanism of smoke suppression and fire retardancy in polymers containing magnesium hydroxide
filler. Plast. Rubber Process. Appl. 1989, 11, 45-51.

Liang, J.; Zhang, Y. A study of the flame retardant properties of polypropylene/Al(OH)3;/Mg(OH), composites. Polym. Int. 2010,
59, 539-542. [CrossRef]

Saba, N.; Alothman, O.Y.; Almutairi, Z.; Jawaid, M. Magnesium hydroxide reinforced kenaf fibers/epoxy hybrid composites:
Mechanical and thermomechanical properties. Constr. Build. Mater. 2019, 201, 138-148. [CrossRef]

Hornsby, P.R.; Watson, C.L. Interfacial modification of polypropylene composites filled with magnesium hydroxide. J. Mater. Sci.
1995, 30, 5347-5355. [CrossRef]

Balakrishnan, H.; Hassan, A.; Isitman, N.A.; Kaynak, C. On the use of magnesium hydroxide towards halogen-free flame-retarded
polyamide-6/polypropylene blends. Polym. Degrad. Stab. 2012, 97, 1447-1457. [CrossRef]

Montezin, F; Lopez Cuesta, ].M.; Crespy, A.; Georlette, P. Flame retardant and mechanical properties of a copolymer PP/PE
containing brominated compounds/antimony trioxide blends and magnesium hydroxide or talc. Fire Mater. 1997, 21, 245-252.
[CrossRef]

Liauw, C.M.; Lees, G.C.; Hurst, S.J.; Rothon, R.N.; Ali, S. Effect of silane-based filler surface treatment formulation on the
interfacial properties of impact modified polypropylene/magnesium hydroxide composites. Compos. Part A Appl. Sci. Manuf.
1998, 29, 1313-1318. [CrossRef]

Xu, T.; Huang, X.; Zhao, Y. Investigation into the properties of asphalt mixtures containing magnesium hydroxide flame retardant.
Fire Saf. ]. 2011, 46, 330-334. [CrossRef]

Yeh, J.; Yang, H.; Huang, S. Combustion of polyethylene filled with metallic hydroxides and crosslinkable polyethylene. Polym.
Degrad. Stab. 1995, 50, 229-234. [CrossRef]

Bonati, A.; Merusi, E; Polacco, G.; Filippi, S.; Giuliani, F. Ignitability and thermal stability of asphalt binders and mastics for
flexible pavements in highway tunnels. Constr. Build. Mater. 2012, 37, 660—-668. [CrossRef]

Witkowski, A.; Stec, A.A.; Hull, T.R. The influence of metal hydroxide fire retardants and nanoclay on the thermal decomposition
of EVA. Polym. Degrad. Stab. 2012, 97, 2231-2240. [CrossRef]

Zhang, Y.; Hu, Y,; Song, L.; Wu, J.; Fang, S. Influence of Fe-MMT on the fire retarding behavior and mechanical property of
(ethylene-vinyl acetate copolymer/magnesium hydroxide) composite. Polym. Adv. Technol. 2008, 19, 960-966. [CrossRef]

Lv, J.-P; Liu, W.-H. Flame retardancy and mechanical properties of EVA nanocomposites based on magnesium hydroxide
nanoparticles/microcapsulated red phosphorus. J. Appl. Polym. Sci. 2007, 105, 333-340. [CrossRef]

Velasco, ].I; Morhain, C.; Martinez, A.B.; Rodriguez-Pérez, M.A.; De Saja, J.A. The effect of filler type, morphology and coating
on the anisotropy and microstructure heterogeneity of injection-moulded discs of polypropylene filled with aluminium and
magnesium hydroxides. Part 2. Thermal and dynamic mechanical properties. Polymer 2002, 43, 6813-6819. [CrossRef]

Chang, S.; Xie, T.; Yang, G. Effects of polystyrene-encapsulated magnesium hydroxide on rheological and flame-retarding
properties of HIPS composites. Polym. Degrad. Stab. 2006, 91, 3266-3273. [CrossRef]

Hollingbery, L.; Hull, T.R. The fire retardant effects of huntite in natural mixtures with hydromagnesite. Polym. Degrad. Stab. 2012,
97, 504-512. [CrossRef]

Ulutan, S.; Gilbert, M. Mechanical properties of HDPE/magnesium hydroxide composites. J. Mater. Sci. 2000, 35, 2115-2120.
[CrossRef]

Formosa, J.; Chimenos, ].M.; Lacasta, A.M.; Haurie, L. Thermal study of low-grade magnesium hydroxide used as fire retardant
and in passive fire protection. Thermochim. Acta 2011, 515, 43-50. [CrossRef]


https://doi.org/10.1016/j.polymdegradstab.2011.05.006
https://doi.org/10.1016/j.reactfunctpolym.2020.104690
https://doi.org/10.1016/S0141-3910(02)00294-X
https://doi.org/10.1016/0141-3910(95)00181-6
https://doi.org/10.3390/polym6112875
https://doi.org/10.1016/0141-3910(90)90118-Q
https://doi.org/10.1002/(SICI)1097-4628(19960531)60:9&lt;1425::AID-APP18&gt;3.0.CO;2-0
https://doi.org/10.1016/j.jiec.2016.08.014
https://doi.org/10.1002/pi.2733
https://doi.org/10.1016/j.conbuildmat.2018.12.182
https://doi.org/10.1007/BF00351544
https://doi.org/10.1016/j.polymdegradstab.2012.05.011
https://doi.org/10.1002/(SICI)1099-1018(199711/12)21:6&lt;245::AID-FAM616&gt;3.0.CO;2-F
https://doi.org/10.1016/S1359-835X(97)00132-2
https://doi.org/10.1016/j.firesaf.2011.05.001
https://doi.org/10.1016/0141-3910(95)00171-9
https://doi.org/10.1016/j.conbuildmat.2012.07.096
https://doi.org/10.1016/j.polymdegradstab.2012.08.003
https://doi.org/10.1002/pat.1059
https://doi.org/10.1002/app.26028
https://doi.org/10.1016/S0032-3861(02)00669-9
https://doi.org/10.1016/j.polymdegradstab.2006.07.001
https://doi.org/10.1016/j.polymdegradstab.2012.01.024
https://doi.org/10.1023/A:1004746003076
https://doi.org/10.1016/j.tca.2010.12.018

Fire 2023, 6, 180 22 of 24

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Sonnier, R.; Viretto, A.; Dumazert, L.; Longerey, M.; Buonomo, S.; Gallard, B.; Longuet, C.; Cavodeau, E; Lamy, R.; Freitag, A. Fire
retardant benefits of combining aluminum hydroxide and silica in ethylene-vinyl acetate copolymer (EVA). Polym. Degrad. Stab.
2016, 128, 228-236. [CrossRef]

Shi, X,; Chen, Y; Ren, H.; Liu, D.; Zhao, T.; Zhao, N.; Ying, H. Economically enhanced succinic acid fermentation from cassava
bagasse hydrolysate using Corynebacterium glutamicum immobilized in porous polyurethane filler. Bioresour. Technol. 2014, 174,
190-197. [CrossRef]

Suihkonen, R.; Nevalainen, K.; Orell, O.; Honkanen, M.; Tang, L.; Zhang, H.; Zhang, Z.; Vuorinen, J. Performance of epoxy filled
with nano- and micro-sized Magnesium hydroxide. . Mater. Sci. 2012, 47, 1480-1488. [CrossRef]

Karidakis, T.; Agatzini-Leonardou, S.; Neou-Syngouna, P. Removal of magnesium from nickel laterite leach liquors by chemical
precipitation using calcium hydroxide and the potential use of the precipitate as a filler material. Hydrometallurgy 2005, 76,
105-114. [CrossRef]

Cook, M.; Harper, ].F. The influence of magnesium hydroxide morphology on the crystallinity and properties of filled polypropy-
lene. Adv. Polym. Technol. 1998, 17, 53-62. [CrossRef]

Chen, X,; Yu, J.; Guo, S.; Luo, Z.; He, M. Effects of magnesium hydroxide and its surface modification on crystallization and
rheological behaviors of polypropylene. Polym. Compos. 2009, 30, 941-947. [CrossRef]

Lee, C.H.; Sapuan, S.M.; Hassan, M.R. Mechanical and thermal properties of kenaf fiber reinforced polypropylene/magnesium
hydroxide composites. |. Eng. Fibers Fabr. 2017, 12, 50-58. [CrossRef]

Moreira, EK.V.; De Camargo, L.A.; Marconcini, ].M.; Mattoso, L.H.C. Nutraceutically inspired pectin-Mg(OH), nanocomposites
for bioactive packaging applications. J. Agric. Food Chem. 2013, 61, 7110-7119. [CrossRef]

Moreira, EK.V.; Pedro, D.C.A.; Glenn, G.M.; Marconcini, ].M.; Mattoso, L.H.C. Brucite nanoplates reinforced starch bionanocom-
posites. Carbohydr. Polym. 2013, 92, 1743-1751. [CrossRef] [PubMed]

Focke, W.W.; Molefe, D.; Labuschagne, F.J.W.; Ramjee, S. The influence of stearic acid coating on the properties of magnesium
hydroxide, hydromagnesite, and hydrotalcite powders. J. Mater. Sci. 2009, 44, 6100-6109. [CrossRef]

Wang, Z.; Shen, X.; Fan, W.; Hu, Y.; Qu, B.; Gui, Z. Effects of poly(ethylene-co-propylene) elastomer on mechanical properties
and combustion behaviour of flame retarded polyethylene/magnesium hydroxide composites. Polym. Int. 2002, 51, 653—-657.
[CrossRef]

Klapiszewski, L.; Tomaszewska, J.; Skorczewska, K.; Jesionowski, T. Preparation and characterization of eco-friendly
Mg(OH)2/lignin hybrid material and its use as a functional filler for poly(vinyl chloride). Polymers 2017, 9, 258. [CrossRef]
Janéat, J. Influence of the filler particle shape on the elastic moduli of PP/CaCO3 and PP/Mg(OH), composites-Part 2 Enhanced
interfacial adhesion. J. Mater. Sci. 1989, 24, 4268-4274. [CrossRef]

Oyama, H.T.; Sekikawa, M.; Shida, S. Effect of the interface structure on the morphology and the mechanical, thermal, and
flammability properties of polypropylene/poly (phenylene ether) /magnesium hydroxide composites. Polym. Degrad. Stab. 2012,
97,755-765. [CrossRef]

Oyama, H.T; Sekikawa, M.; Ikezawa, Y. Influence of the Polymer/Inorganic Filler Interface on the Mechanical, Thermal, and
Flame Retardant Properties of Polypropylene/Magnesium Hydroxide Composites. J. Macromol. Sci. Part B 2011, 50, 463—483.
[CrossRef]

He, Z.; Wekesa, M.; Ni, Y. A comparative study of Mg(OH),-based and NaOH-based peroxide bleaching of TMP: Anionic trash
formation and its impact on filler retention. Pulp Pap. Can. 2006, 107, 29-32.

Hornsby, P.R.; Mthupha, A. Analysis of fire retardancy in magnesium hydroxide filled polypropylene composites. Plast. Rubber
Compos. Process. Appl. 1996, 25, 347-355.

Gwon, J.G; Lee, S.Y.; Kim, ].H. Thermal degradation behavior of polypropylene base wood plastic composites hybridized with
metal (aluminum, magnesium) hydroxides. J. Appl. Polym. Sci. 2014, 131, 40120. [CrossRef]

Yin, J.; Zhang, Y.; Zhang, Y. Deformation mechanism of polypropylene composites filled with magnesium hydroxide. J. Appl.
Polym. Sci. 2005, 97, 1922-1930. [CrossRef]

Liauw, C.M.; Rothon, R.N.; Lees, G.C.; Igbal, Z. Flow micro-calorimetry and FTIR studies on the adsorption of saturated and
unsaturated carboxylic acids onto metal hydroxide flame-retardant fillers. . Adhes. Sci. Technol. 2001, 15, 889-912. [CrossRef]
Liang, ].Z. Tensile and flexural properties of polypropylene composites filled with highly effective flame retardant magnesium
hydroxide. Polym. Test. 2017, 60, 110-116. [CrossRef]

Wang, S.; Liang, S.; Wang, K,; Liu, J.; Luo, J.; Peng, S. Enhanced flame retardancy, smoke suppression, and acid resistance of
polypropylene/magnesium hydroxide composite by expandable graphite and microencapsulated red phosphorus. J. Vinyl Addit.
Technol. 2023, 29, 395-409. [CrossRef]

Chen, X.; Yu, J.; Guo, S.; Luo, Z.; He, M. Flammability and thermal oxidative degradation kinetics of magnesium hydroxide
and expandable graphite flame retarded polypropylene composites. J. Macromol. Sci. Part A Pure Appl. Chem. 2008, 45, 712-720.
[CrossRef]

Guo, F; Zhang, Y.; Cai, L.; Li, L. Functionalized graphene with Platelet-like magnesium hydroxide for enhancing fire safety,
smoke suppression and toxicity reduction of Epoxy resin. Appl. Surf. Sci. 2022, 578, 152052. [CrossRef]

Yu, Z.; Liu, J.; Zhang, Y.; Luo, J.; Lu, C.; Pan, B. Thermo-oxidative degradation behavior and fire performance of high impact
polystyrene/magnesium hydroxide/microencapsulated red phosphorus composite with an alternating layered structure. Polym.
Degrad. Stab. 2015, 115, 54-62. [CrossRef]


https://doi.org/10.1016/j.polymdegradstab.2016.03.030
https://doi.org/10.1016/j.biortech.2014.09.137
https://doi.org/10.1007/s10853-011-5933-6
https://doi.org/10.1016/j.hydromet.2004.09.007
https://doi.org/10.1002/(SICI)1098-2329(199821)17:1&lt;53::AID-ADV5&gt;3.0.CO;2-H
https://doi.org/10.1002/pc.20638
https://doi.org/10.1177/155892501701200206
https://doi.org/10.1021/jf402110g
https://doi.org/10.1016/j.carbpol.2012.11.019
https://www.ncbi.nlm.nih.gov/pubmed/23399215
https://doi.org/10.1007/s10853-009-3844-6
https://doi.org/10.1002/pi.941
https://doi.org/10.3390/polym9070258
https://doi.org/10.1007/BF00544498
https://doi.org/10.1016/j.polymdegradstab.2012.02.005
https://doi.org/10.1080/00222341003780996
https://doi.org/10.1002/app.40120
https://doi.org/10.1002/app.21934
https://doi.org/10.1163/15685610152542351
https://doi.org/10.1016/j.polymertesting.2017.03.014
https://doi.org/10.1002/vnl.21994
https://doi.org/10.1080/10601320802219042
https://doi.org/10.1016/j.apsusc.2021.152052
https://doi.org/10.1016/j.polymdegradstab.2015.02.015

Fire 2023, 6, 180 23 of 24

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Attia, N.F; Goda, E.S.; Nour, M.A.; Sabaa, M.W.; Hassan, M.A. Novel synthesis of magnesium hydroxide nanoparticles modified
with organic phosphate and their effect on the flammability of acrylonitrile-butadiene styrene nanocomposites. Mater. Chem.
Phys. 2015, 168, 147-158. [CrossRef]

Jeencham, R.; Suppakarn, N.; Jarukumjorn, K. Effect of flame retardants on flame retardant, mechanical, and thermal properties
of sisal fiber/polypropylene composites. Compos. Part B Eng. 2014, 56, 249-253. [CrossRef]

Ye, L.; Wu, Q.; Qu, B. Synergistic effects and mechanism of multiwalled carbon nanotubes with magnesium hydroxide in
halogen-free flame retardant EVA/MH/MWNT nanocomposites. Polym. Degrad. Stab. 2009, 94, 751-756. [CrossRef]

Ghanbari, D.; Salavati-Niasari, M.; Sabet, M. Preparation of flower-like magnesium hydroxide nanostructure and its influence on
the thermal stability of poly vinyl acetate and poly vinyl alcohol. Compos. Part B Eng. 2013, 45, 550-555. [CrossRef]

Kim, S.; Han, T; Jeong, J.; Lee, H.; Ryou, M.H.; Lee, YM. A Flame-Retardant Composite Polymer Electrolyte for Lithium-Ion
Polymer Batteries. Electrochim. Acta 2017, 241, 553-559. [CrossRef]

Rybinski, P.; Janowska, G. Influence synergetic effect of halloysite nanotubes and halogen-free flame-retardants on properties
nitrile rubber composites. Thermochim. Acta 2013, 557, 24-30. [CrossRef]

Huang, N.H.; Chen, Z.].; Yi, C.H.; Wang, ].Q. Synergistic flame retardant effects between sepiolite and magnesium hydroxide in
ethylene-vinyl acetate (EVA) matrix. Express Polym. Lett. 2010, 4, 227-233. [CrossRef]

Gul, R; Islam, A.; Yasin, T.; Mir, S. Flame-retardant synergism of sepiolite and magnesium hydroxide in a linear low-density
polyethylene composite. J. Appl. Polym. Sci. 2011, 121, 2772-2777. [CrossRef]

Chen, H.; Wang, T.; Wen, Y,; Wen, X.; Gao, D.; Yu, R.; Chen, X.; Mijowska, E.; Tang, T. Expanded graphite assistant construction of
gradient-structured char layer in PBS/Mg(OH), composites for improving flame retardancy, thermal stability and mechanical
properties. Compos. Part B Eng. 2019, 177, 107402. [CrossRef]

Shen, L.; Chen, Y.; Li, P. Synergistic catalysis effects of lanthanum oxide in polypropylene/magnesium hydroxide flame retarded
system. Compos. Part A Appl. Sci. Manuf. 2012, 43, 1177-1186. [CrossRef]

Liu, J.; Zhang, Y. Effect of ethylene-acrylic acid copolymer on flame retardancy and properties of LLDPE/EAA/MH composites.
Polym. Degrad. Stab. 2011, 96, 2215-2220. [CrossRef]

Ferry, L.; Lopez Cuesta, ].M.; Chivas, C.; Mac Way Hoy, G.; Dvir, H. Incorporation of a grafted brominated monomer in glass fiber
reinforced polypropylene to improve the fire resistance. Polym. Degrad. Stab. 2001, 74, 449-456. [CrossRef]

Liu, B.; Zhang, Y.; Wan, C.; Zhang, Y; Li, R.; Liu, G. Thermal stability, flame retardancy and rheological behavior of ABS filled
with magnesium hydroxide sulfate hydrate whisker. Polym. Bull. 2007, 58, 747-755. [CrossRef]

Eibl, S. Potential for the formation of respirable fibers in carbon fiber reinforced plastic materials after combustion. Fire Mater.
2017, 41, 808-816. [CrossRef]

Suriani, M.]J.; Zainudin, H.A.; Ilyas, R.A.; Petrti, M.; Sapuan, S.M.; Ruzaidi, C.M.; Mustapha, R. Kenaf fiber/pet yarn reinforced
epoxy hybrid polymer composites: Morphological, tensile, and flammability properties. Polymers 2021, 13, 1532. [CrossRef]
Schofield, W.C.E.; Hurst, S.J.; Lees, G.C.; Liauw, C.M.; Rothon, R.N. Influence of surface modification of magnesium hydroxide
on the processing and mechanical properties of composites of magnesium hydroxide and an ethylene vinyl acetate copolymer?
Compos. Interfaces 1998, 5, 515-528. [CrossRef]

Suriani, M.].; Sapuan, S.M.; Ruzaidi, C.M.; Nair, D.S,; Ilyas, R.A. Flammability, morphological and mechanical properties of sugar
palm fiber/polyester yarn-reinforced epoxy hybrid biocomposites with magnesium hydroxide flame retardant filler. Text. Res. J.
2021, 91, 2600-2611. [CrossRef]

Shen, L.; Shao, C; Li, R.;; Xu, Y.; Li, J.; Lin, H. Preparation and characterization of ethylene—vinyl acetate copolymer (EVA)-
magnesium hydroxide (MH)-hexaphenoxycyclotriphosphazene (HPCTP) composite flame-retardant materials. Polym. Bull. 2019,
76,2399-2410. [CrossRef]

Sun, L.; Wu, Q.; Xie, Y.; Wang, F.; Wang, Q. Thermal degradation and flammability properties of multilayer structured wood fiber
and polypropylene composites with fire retardants. RSC Adv. 2016, 6, 13890-13897. [CrossRef]

Ayrilmis, N. Effect of fire retardants on surface roughness and wettability of wood plastic composite panels. BioResources 2011, 6,
3178-3187.

Liang, ].Z.; Yang, J.; Tang, C.Y. Die-swell behavior of PP/Al(OH)3/Mg(OH), flame retardant composite melts. Polym. Test. 2010,
29, 624-628. [CrossRef]

Liu, P; Guo, ]. Organo-modified magnesium hydroxide nano-needle and its polystyrene nanocomposite. . Nanoparticle Res. 2007,
9, 669-673. [CrossRef]

Liang, J.Z.; Yang, J.; Tang, C.Y. Melt shear viscosity of PP/ Al(OH); /Mg(OH), flame retardant composites at high extrusion rates.
J. Appl. Polym. Sci. 2011, 119, 1835-1841. [CrossRef]

Li, Z.; Liang, W.; Shan, Y.; Wang, X.; Yang, K.; Cui, Y. Study of flame-retarded silicone rubber with ceramifiable property. Fire
Mater. 2020, 44, 487-496. [CrossRef]

Rybinski, P; Janowska, G.; Dobrzyniska, R.; Kucharska, A. Effect of halogenless flame retardants on the thermal properties,
flammability, and fire hazard of cross-linked EVM/NBR rubber blends. J. Therm. Anal. Calorim. 2014, 115, 771-782. [CrossRef]
He, J.; Zeng, W.; Shi, M.; Lv, X,; Fan, H.; Lei, Z. Influence of expandable graphite on flame retardancy and thermal stability
property of unsaturated polyester resins/organic magnesium hydroxide composites. J. Appl. Polym. Sci. 2020, 137. [CrossRef]


https://doi.org/10.1016/j.matchemphys.2015.11.014
https://doi.org/10.1016/j.compositesb.2013.08.012
https://doi.org/10.1016/j.polymdegradstab.2009.02.010
https://doi.org/10.1016/j.compositesb.2012.09.007
https://doi.org/10.1016/j.electacta.2017.04.129
https://doi.org/10.1016/j.tca.2013.01.030
https://doi.org/10.3144/expresspolymlett.2010.29
https://doi.org/10.1002/app.33767
https://doi.org/10.1016/j.compositesb.2019.107402
https://doi.org/10.1016/j.compositesa.2012.02.014
https://doi.org/10.1016/j.polymdegradstab.2011.09.010
https://doi.org/10.1016/S0141-3910(01)00182-3
https://doi.org/10.1007/s00289-006-0695-z
https://doi.org/10.1002/fam.2423
https://doi.org/10.3390/polym13091532
https://doi.org/10.1163/156855498X00045
https://doi.org/10.1177/00405175211008615
https://doi.org/10.1007/s00289-018-2500-1
https://doi.org/10.1039/C5RA23262G
https://doi.org/10.1016/j.polymertesting.2010.03.014
https://doi.org/10.1007/s11051-006-9079-4
https://doi.org/10.1002/app.32893
https://doi.org/10.1002/fam.2802
https://doi.org/10.1007/s10973-013-3333-7
https://doi.org/10.1002/app.47881

Fire 2023, 6, 180 24 of 24

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Weng, P; Yin, X,; Yang, S.; Han, L.; Tan, Y,; Chen, N.; Chen, D.; Zhou, Y.; Wang, L.; Wang, H. Functionalized magnesium hydroxide
fluids/acrylate-coated hybrid cotton fabric with enhanced mechanical, flame retardant and shape-memory properties. Cellulose
2018, 25, 1425-1436. [CrossRef]

Chen, D.; Zheng, Q.; Liu, E; Xu, K.; Chen, M. Flame-retardant polypropylene composites based on magnesium hydroxide
modified by phosphorous-containing polymers. J. Thermoplast. Compos. Mater. 2010, 23, 175-192. [CrossRef]

Chen, X.; Yu, J.; Luo, Z.; Hu, S.; Zhou, Z.; Guo, S.; Lu, S. Kinetics of thermo-oxidative degradation of zinc borate /microcapsulated
red phosphorus with magnesium hydroxide in flame retarded polypropylene composites. J. Polym. Res. 2009, 16, 745-753.
[CrossRef]

Xiao, W.D,; Kibble, K.A. Comparison of aluminium hydroxide and magnesium hydroxide as flame retardants in SEBS-based
composites. Polym. Polym. Compos. 2008, 16, 415-422. [CrossRef]

Liu, T.; Wang, F; Li, G; Liu, P; Gao, C.; Ding, Y.; Zhang, S.; Kong, X.; Yang, M. Magnesium hydroxide nanoparticles grafted by
DOPO and its flame retardancy in ethylene-vinyl acetate copolymers. J. Appl. Polym. Sci. 2020, 138, 49607. [CrossRef]

Milis, S.L.; Lees, G.C.; Liauw, C.M.; Lynch, S. An improved method for the dispersion assessment of flame retardant filler / polymer
systems based on the multifractal analysis of SEM images. Macromol. Mater. Eng. 2004, 289, 864-871. [CrossRef]

Liany, Y.; Tabei, A.; Farsi, M.; Madanipour, M. Effect of nanoclay and magnesium hydroxide on some properties of HDPE/wheat
straw composites. Fibers Polym. 2013, 14, 304-310. [CrossRef]

Lee, C.; Sapuan, S.; Lee, J.; Hassan, M. Mechanical properties of kenaf fibre reinforced floreon biocomposites with magnesium
hydroxide filler. J. Mech. Eng. Sci. 2016, 10, 2234-2248. [CrossRef]

Zhu, X.; Pang, H.; Zheng, N.; Tian, P.; Ning, G. High effects of smoke suppression and char formation of Ni— Mo/Mg (OH), for
polypropylene. Polym. Adv. Technol. 2020, 31, 1688-1698. [CrossRef]

Casetta, M.; Michaux, G.; Ohl, B.; Duquesne, S.; Bourbigot, S. Key role of magnesium hydroxide surface treatment in the flame
retardancy of glass fiber reinforced polyamide 6. Polym. Degrad. Stab. 2018, 148, 95-103. [CrossRef]

Chen, H.; Wen, X,; Guan, Y,; Min, J.; Wen, Y,; Yang, H.; Chen, X; Li, Y,; Yang, X; Tang, T. Effect of particle size on the flame
retardancy of poly (butylene succinate)/Mg(OH), composites. Fire Mater. 2016, 40, 1090-1096. [CrossRef]

Meng, W.; Wu, H.; Wu, R.; Wang, T.; Wang, A.; Ma, J.; Xu, ]. and Qu, H. Fabrication of surface-modified magnesium hydroxide
using Ni?* chelation method and layer-by-layer assembly strategy: Improving the flame retardancy and smoke suppression
properties of ethylene-vinyl acetate. Colloids Surf. A Physicochem. Eng. Asp. 2021, 610, 125712. [CrossRef]

Zhang, W.; Li, X.; Shan, Z.; Wang, S.; Xiao, Y. Surface modification of magnesium hydroxide by wet process and effect on the
thermal stability of silicone rubber. Appl. Surf. Sci. 2019, 465, 740-746. [CrossRef]

Liu, M.; Wang, Q.; Liu, Y. Flame-retardant polypropylene composites with magnesium hydroxide encapsulated by polypropylene
grafted with maleic anhydride. Polym. Plast. Technol. Eng. 2010, 49, 367-372. [CrossRef]

Fernandez, A.; Haurie, L.; Formosa, J.; Chimenos, ].; Antunes, M.; Velasco, J. Characterization of poly (ethylene-co-vinyl
acetate)(EVA) filled with low grade magnesium hydroxide. Polym. Degrad. Stab. 2009, 94, 57-60. [CrossRef]

Sierra-Fernandez, A.; Gomez-Villalba, L.S.; Milosevic, O.; Fort, R.; Rabanal, M.E. Synthesis and morpho-structural characterization
of nanostructured magnesium hydroxide obtained by a hydrothermal method. Ceram. Int. 2014, 40, 12285-12292. [CrossRef]
Tai, C.Y,; Tai, C.-T.; Chang, M.-H.; Liu, H.-S. Synthesis of magnesium hydroxide and oxide nanoparticles using a spinning disk
reactor. Ind. Eng. Chem. Res. 2007, 46, 5536-5541. [CrossRef]

Sirota, V.; Selemenev, V.; Kovaleva, M.; Pavlenko, I.; Mamunin, K.; Dokalov, V.; Yapryntsev, M. Preparation of crystalline Mg(OH),
nanopowder from serpentinite mineral. Int. |. Min. Sci. Technol. 2018, 28, 499-503. [CrossRef]

Yang, Y.; Niu, M.; Li, J.; Xue, B.; Dai, J. Preparation of carbon microspheres coated magnesium hydroxide and its application in
polyethylene terephthalate as flame retardant. Polym. Degrad. Stab. 2016, 134, 1-9. [CrossRef]

Baek, SW.; Song, D.H.; Lee, H.I.; Kim, D.S.; Heo, Y.; Kim, ].H.; Park, C.G.; Han, D.K. Poly(L-Lactic Acid) Composite with
Surface-Modified Magnesium Hydroxide Nanoparticles by Biodegradable Oligomer for Augmented Mechanical and Biological
Properties. Materials 2021, 14, 5869. [CrossRef] [PubMed]

Aaliya, B.; Sunooj, K.V,; Lackner, M. Biopolymer composites: A review. Int. ]. Biobased Plast. 2021, 3, 40-84. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10570-017-1611-4
https://doi.org/10.1177/0892705708103396
https://doi.org/10.1007/s10965-009-9281-z
https://doi.org/10.1177/096739110801600702
https://doi.org/10.1002/app.49607
https://doi.org/10.1002/mame.200400138
https://doi.org/10.1007/s12221-013-0304-3
https://doi.org/10.15282/jmes.10.3.2016.3.0209
https://doi.org/10.1002/pat.4896
https://doi.org/10.1016/j.polymdegradstab.2018.01.007
https://doi.org/10.1002/fam.2355
https://doi.org/10.1016/j.colsurfa.2020.125712
https://doi.org/10.1016/j.apsusc.2018.09.212
https://doi.org/10.1080/03602550903532117
https://doi.org/10.1016/j.polymdegradstab.2008.10.008
https://doi.org/10.1016/j.ceramint.2014.04.073
https://doi.org/10.1021/ie060869b
https://doi.org/10.1016/j.ijmst.2017.12.018
https://doi.org/10.1016/j.polymdegradstab.2016.09.019
https://doi.org/10.3390/ma14195869
https://www.ncbi.nlm.nih.gov/pubmed/34640265
https://doi.org/10.1080/24759651.2021.1881214

	Introduction 
	Surveying Methodology 
	Research Articles Selection Criteria and Process 
	Research Data Extraction and Characteristics 

	Discussion 
	Topic 1-Magnesium Hydroxide Filler 
	Country-Wise Publication on Topic 1—“Magnesium Hydroxide Filler” 
	Topmost Cited Articles in “Magnesium Hydroxide Filler” 
	Keyword Co-Occurrence 
	Subject Area-Wise Document Published 

	Topic 2—‘Flame Retardant Polymer Composite’ 
	Country-Wise Publication 
	Topmost Cited Articles Information 
	Keyword Co-Occurrence 
	Subject Area-Wise Publications 


	Recent Developments in the Key Topics 
	Current Challenges 
	Conclusions and Further Study Scope 
	References

